Portions of this document may be illegible in electronic image products. Images are produced from the best available original document.
Andres et a , 23 May 1 P.
signed by 154 nations, requires that each nation conduct an inventory of the sources and sinks of greenhouse gases. This increasing concern and interest motivates the updating and improving of earlier C02 emission inventories (e.g. Keeling, 1973; Rotty, 1984, Marland et al., 1989; Marland and Boden, 1991; Marland and Boden, 1993) .
International and national organizations have been systematically compiling statistics on world energy production and consumption since the early 1970's. These statistics are reported for individual countries and can be used with data on fuel chemistry and combustion characteristics to determine C02 emissions from fossil fuel consumption on national, regional and global scales. C 0 2 emissions from cement manufacture contribute about 1 to 2% of that from fossil fuel production globaIIy and are included here.
THE 195Cb1991 ANNUAL TIME SERIES
The 1950-1991 time series of CO2 emissions from fossil fuel consumption and cement manufacture was calculated following the procedures in Marland and Rotty (1984) and . Briefly, C02 emissions from fossil fuels are calculated from:
where the three terms represent the net fuel production, the fraction of the fuel oxidized and the carbon content of the fuel, respectively, and i represents solid, liquid or gaseous fuels. Global totals of COz emissions are calculated from national production data. National totals of C02 emissions are calculated from estimates of apparent consumption with FCi replacing FPi in (1) above, where FCi represents the national production data modified by national data on global trade and Ehanges in stocks. The sum of FCi for all countries is less than the sum of Pi for all countries mainly because of the exclu'sion in national consumption data of bunk& fuels, i.e. those fuels used for conducting international commerce; inaccuracies in reporting of imports and exports; and difficulty in accounting for non-fuel uses of fossil fuels, particularly the use of petroleum products in the chemical industry. Data on fuel production, trade and changes in stocks are obtained on magnetic media from the United Nations (U.N., 1993). Fuel oxidation and carbon content data come from a variety of sources as reported in Marland and Rotty (1984) .
For cement manufacture, data are obtained from the United States Bureau of Mines (Solomon, 1993 ). An equation analogous to (1) is used to calculate C 0 2 emissions from calcining CaC03, with the cement chemistry data assembled by Griffin (1987) .
The 1 test U.N. energy production data leads to a global C02 emission estimate of 6188 x 10 tonnes C for 1991 (Figure 1 and Table 1 ). This is about 1.5% more than the revised 1990 C02 emission estimate. It includes 123 x 10 metric tonnes C for oil combusted in the Kuwaiti oil field fires (estimation procedure described below). From 1990 to 1991, there was an increase in the apparent consumption of natural gas and in cement manufacture, but the global total of C02 would have shown a slight decline had 6 8 Andres et al., 23 May 1994, p. 3 it not been for the Kuwaiti oil field fires.
With each annual release of the U.N. energy data, past data are also revised. The largest number of revisions occur in the first year after the initial release and the number of revisions drops considerably in subsequent years. Based on past years experience (Table 2) , the 1991 number is likely within 2% of its final value. This is within the 10% error estimated for the global totals (see below).
Kuwait ( Figure 2 ). The emissions from the oil fields being set ablaze were considerable and raise the issue of their proper allocation. The U.N. included in their energy statistics an estimate of the total gas flared from Kuwait in 1991 (Figure 2b ). The total C02 emissions showed a decline in 1990 reflecting a decline in Kuwaiti energy production. However, in 1991, total emissions returned to a level indicative of the longer-tern, steady growth in C02 emissions from Kuwait. But, this total emission curve is strongly affected by the gas flanng resulting from the oil fields being set ablaze. Figure 2a is a more realistic picture of Kuwaiti CO2 emissions resulting from their energy production. It differs from Figure 2b in that the 1991 emissions from gas flaring (8.1 million metric tonnes C) have been reduced by 90%. This reduction is based on a U.N. estimate that only 10% of the gas flaring resulted from normal oil field production procedures and the other 90% from the oil field fires (S. Hussein, U.N. Energy Statistics Office, personal communication, 1993) . Ferek et al. (1992) estimated that 7% of the carbon discharged from the oil field fires during May and June 1991 was from burning of natural gas rather than oil. Combined with our estimate of oil burning (below), this implies that 8.6 million metric tonnes C were discharged from natural gas burning and this agrees well with the estimate based on U.N. (1993) energy data. The differences in Figures 2a and 2b are limited to the year 1991 and are not major. They suggest that CO emissions from oil-field-fire gas flaring could be allocated to Kuwait without significantly changing the long-term emissions pattern of Kuwait.
However, if C02. emissions from oil-field-fire gas flaring are allocated to Kuwait, should not the CO emissions from oil-field-fire oil burning also be allocated to Kuwait (Figure 2c )? The 6.N. (1993) energy data do not include oil lost during the fires. By using detailed tables of average flow rate per week for the interval from March 16 until the last fires were extinguished on November 6 (the first fires were ignited in late January, but the first one extinguished was on March 23) (NOAA, 1991) , the amount of oil released in the fires is estimated at 1060 million barrels combusted and another 60 million barrels spilled, but not combusted. Of the spilled oil, some small fraction was recovered and the rest either seeped into the ground or was covered with sand. Based on measurements made in the plume during May and June 1991, 96% of the fuel carbon emitted was as C02 while only 0.53% was as soot (Ferek et al., 1992; Laursen et al., 1992) . Carbon was also discharged as CO, CH4 and other organic volatiles and particulates. Because much of this carbon is soon converted to C02 in the atmosphere, approximately 99% of the fuel carbon ended up in the atmosphere as C02 Given an oil density of 0.86 kgh and a carbon content of 85% , the total C02 discharged contained about 123 million tonnes C. Figure 2c is the same as Figure 2b , but includes the C02 emissions from the oil Because of unique situations, such as the oil field fires, and a basic data set which is annually updated, the global CO2 calculations are periodically revised. Ongoing work with global C02 calculations currently includes refining the supporting data used to calculate emissions from the U.N. energy data. This includes the acquisition of new data on the carbon content of fossil fuels, especially solids, and efforts to refine estimates of the geographic distribution of emissions on a 1' x 1 ' global grid. The gridded data is part of the Global Emissions Inventory Activity, an activity of the International Global Atmospheric Chemistry Project of the International Geosphere-Biosphere Programme.
Included in the refinement will also be a reexamination of the higher and lower heating values of fossil fuels and the role they have played in past calculations. Finally, the reevaluation of the slow oxidation of fossil fuels used in non-fuel uses will be included in future work. Marland and Rotty (1984) estimated that the uncertainty in the global total C02 emissions estimates was 6 to 10% and, acknowledging the subjectivity involved in those estimates, those estimates have not been reevaluated. While ongoing work can provide refinements in the chemistry and the fate of fuels and fuel products, the major source of uncertainty is in the national statistics on fuel production and trade. These statistics vary in quality among countries and international statistical offices like that in the U.N. are obligated to rely on data they can obtain from national sources or energy industries. of the U.S. Department of Energy provides an insight into the uncertainty of national data by looking at some of the supporting data used to generate their own estimates (EIA, 1989) . Data on the quantities of fuel received and consumed by electric utilities in the U.S. would be expected to be among the best energy data available. The EL4 compared data on fuel receipts at electric utilities, compiled from one questionnaire, against data on fuel consumption plus changes in stocks, compiled from another questionnaire. Both questionnaires were completed by the utilities themselves. Receipts should equal consumption plus the change in stocks. With focused inquiry, the EIA was able to offer a variety of reasons why the equality might not hold (including different sampling strategies between the two forms, reporting lags between the two forms, loss of coal from stockpiles by wind and oxidation, etc.), but it is interesting to see the magnitude of the difference between two numbers which one expects to be equal. For coal, receipts and consumption plus changes in stock were within 3% for all 10 US. census regions and the national totals differed by less than 0.8%. For petroleum and natural gas, the difference exceeded 5% in several census regions and the national totals differed by about 1.3% for petroleum and about 6.3% for natural gas. making greenhouse gas emissions estimates, the data presented here will provide opportunity for comparisons with other estimates. Some of these estimates will rely on from the oil field fires (liquids and gas flaring) in Kuwait, the 1991 E O2 emissions A recent assessment conducted by the Energy Information Administration (EM)
With increasing interest in greenhouse gas emissions and the number of people the same U.N. energy data, but others will be based on national energy data that may not be broadly available. The most comprehensive set of alternate, C02 emissions calculations presently available are those compiled by Susan Subak and her colleagues at the Stockholm Environment Institute (von Hippel et al., 1993) . They calculated C02 emissions for 1988 based on energy data from the ENOECD when possible and the U.N. when necessary. Their global total differs from that presented here by less than 2.1% although there is a striking difference in some of the national totals. Because their treatment of the national, apparent-consumption, energy data is slightly different, direct comparison between the two studies is difficult and requires caution.
A 1751-1991 TIME SERIES Etemad et al. (1991) recently published a volume on world energy production at varying temporal resolutions from 1800 to 1985. Footnotes in the text extend production data back to 1751. These data can be treated in the same manner as the U.N. energy data to obtain a time series of CO2 emissions from fossil fuel production.
Preliminary analysis shows good agreement between this time series and others currently available ( may change slightly as the full energy set becomes available, is presented in Figure 3 and Table 4 . For 1751-1949, the time series is based on calculations using summary data for a limited number of years (Etemad et al., 1991) with extrapolation between those years. For 1950-1991, the time series is based on calculations using the U.N. (1993) energy data.
The time series shows over two million metric tonnes of carbon had already been released to the atmosphere by 1751. Cumulative emissions topped 100 million metric tonnes C by 1781, and over 1 billion metric tonnes C had been released to the atmosphere by the mid-1840's.
Further refinement of the pre-1950 part of the time series depends on a fuller analysis of the Etemad et al. (1991) data. This requires access to supporting data not published in the book. This supporting data is currently being sought. Completion of the ongoing analysis of this data set will supply a better time series of fossil fuel C02 emissions to the atmosphere back to 1751. This will complement carbon cycle modelling studies which often begin their analyses in the early 1700's.
A preliminary time series of cumulative C02 emissions since 1751, whose values A data set of C02 emissions on a uniform geographic basis can be constructed from the country C02 emissions data. The challenge is to allocate emissions within countries based on either sub-country data on energy use or on proxy data like Andres et al., 23 May 1994, p. 6 population density. The current effort to distribute CO emissions from fossil fuels on a
The 360 longitudinal grid spaces in each latitudinal band can be summed to determine the latitudinal emissions.
within-country, energy-consumption distniutions estimated for 1980 (Marland et al., 1985) and national fossil fuel C02 emissions calculated with 1989 energy use data (Figure 4) . The bulk of fossil fuel C02 emissions is shifting southward with increasing global industrialization. lo latitude by 1 ' longitude grid updates the 5 ' x 5 ' gri 3 used by Marland et al. (1985) .
A sense of the latitudinal changes which are occurring can be gained from the
THE ISOTOPIC SIGNATURE
The carbon isotopic (b13C, PDB) signature of fossil fuel emissions has decreased C of anthropogenic CO2 emissions have assumed an average world wide during the last century, reflecting the changing mix of fossil fuels produced. Previous estimates of b value for each fuel type that is invariant with time and area of production (Tans, 1981). Combining updated 6 allows a new estimate of global, average bI3C signature which considers emissions type and geographic origin. The improved fossil fuel 6I3C signature should provide an additional constraint for balancing the sources and sinks of the global carbon cycle.
The variability in the 6I3C values of coals is small and thus the average isotopic ratio of -24.1%0 adopted by Tans (1981) is within * 0.3%0, regardless of source. Over 80% of coal is composed of humic materials or type I11 kerogen which shows little variability in isotopic composition (Redding et al., 1980) . Even after significant thermal alteration, coal retains the isotopic signature of its source material to within 0.394~ (Craig, 1953; Jeffrey et al., 1955) . It is the relatively unchanged isotopic composition of the humic materials and kerogen which determines t e isotopic signature of coals.
modal value of bI3C of oil is near -26.5%0 (Degens, 1967) . However, this modal value does not represent the average value of oil produced for energy. The average value for the oil consumed must be weighted by the product'on from various oil producing regions since different regions often have characteristic 6 ' k values near -30%0 or lighter. These areas include the North Slope of Alaska, the North Sea, the Western Siberian Basin and the large non-marine basins in China. The individual isotopic values for oil production in the top 17 oil producing countries have been taken from the published literature (Galimov, 1973 Volga-Ural regions to the fields in western Siberia (Riva, 1991) . Between 1950 and 1990 the global, oil-production-weighted 6 13C signature decreased by 1.3%0, from -26.59460 to Natural gas shows the greatest variability in bI3C of any natural substance (Schoell, 1988) . Methane associated with coal may be as heavy as -2Wh0, while methane from marine sediments may be lighter than -1M)%o (Schoell, 1988) . Natural gas produced for fuel can be d'vided into separate genetic groups, thermogenic and biogenic gases, of the world is thermogenic (Rice and Claypool, 1981) , a weighted average of 193 thermogenic (-4@!0) and 55 biogenic (-65%0) methane gases would have a mean of -45%0.
However, natural gas also contains c;! and C3 gases which are often 10%0 to 209400 heavier than methane, but are rarely more than 10% of natural gas. This results in an average 613C of about -44%0 for natural gases.
While it would be appropriate to weight the values for natural as production by source within each region of production or country, the variability of b C values of natural gases, even within a single field, make it difficult to estimate a weighted-average value. An example is the Anadarko Basin, a major natural gas production zone in the U.S.A., which has bI3C ranging from -33.2%0 to -49.8%0, with a mean value near -43.3460 (Rice et al., 1988) . The world average of -44.@!60 may be a heavy estimate when natural gas production in the former U.S.S.R. is considered. The U.N. energy data show that the former U.S.S.R. produced 32% of the world's total natural gas production in 1990. Much of this production was concentrated in the gas fields of western Siberia, which is characterized by 6I3C of -46%0 to -5@!0 and hydrocarbon composition of greater than 99% methane (Galimov, 1988) . Because of the variabi ity in b13C isotopic signature and lack of sufficient field production data, the average b1 C of -44%0 calculated above is used for all natural gas production.
Methane associated with liquid petroleum has an ave age value near -4@!o (this study, calculated thermogenic average). Thus, this is the b C isotopic signature used for gas flaring.
As is the case for coal, the variability in the bI3C values of cement is small and the @!LO average isotopic ratio adopted by Tans (1981) is within i 0.3%0. Limestones, the source material for cement, have a mean isotopic value around @ ! o , which reflects the equilibrium value with the ocean at the time of formation (Garrels and Mackenzie value toward lighter values. However, most limestones used for cement manufacture are considered unaltered, and retain a value near @ ! L O . appropriate 6°C value. A value of -24.1%0 for coal, -44%0 for natural gas, -4@!o for gas flaring and O?!O for cement production were used for all countries and all years. Fifteen of the top oil producing countries were assigned unique isotopic values for oil production that did not vary with time. In addition, for the U.S.A. and the former U.S.S.R, isotopic values f r oil production changed with time as the location of production fields chan ed. with different 8 lb C isotopic signatures (Schoell, 1984) . Since 80% of the gas production 5 3 4 15 1971). The calcite in limestones may undergo diagenesis, which can change the 6 f3c by using the pr duction of carbon 3 or each fuel type by country and multiplying it by the The bI3C value of total CO emitted from anthropogenic sources was calculated 19 0. For all remaining countries, the modal value for oil, -26.5%0, was used. Using these (1) above, the 6 C value of CO produced for each year from fossil fuels and cement manufacture is approximate T y iO.5%0. Table 1 shows 6 C with two decimal places so that the relative structure of the time series can be seen.
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&1 3 C isotopic si atures (Table 5 ) and the national C02 emissions data calculated from was calculated (Fi re 5 and Tab f e 1). The absolute accuracy for the method of calculating the 6 1P C of CO emissions from fossil fuel production and cement
13
The estimation of C02 emissions from fossil fuel consumption and cement manufacture is fundamental to understanding the human perturbation of the global carbon cycle. The better the magnitude, distribution and b 13 C isotopic signature are known, the better our chance to understand the functioning of the global carbon cycle now and changes which are to be anticipated in the future.
As the tide grows for controlling global C02 emissions, national and regional political bodies are searching for means to reduce or offset the impact of the emissions originating from within their jurisdictions. Calculations of greenhouse gas emissions are now taking place in many national and international groups. The annual data set on CO emissions from fossil fuel consumption and cement manufacture is intended to provlde a well-documented, technically sound data set of CO2 emissions for use by the scientific community and a bench mark for the policy community. It is periodically revised as new data become available. This partially results from increased international interest which improves the national data sets of energy production and consumption on which these C02 emission estimates rely. (Table 4) . Between boxes, emissions are linearly extrapolated. was distributed within countries by 1980 relative-consumption data (Marland et al., 1985) . (1981) and the lower curve was calculated with the b13C v ues described herein. For years before 1950, the lower curve was calculated with a b C=-26.52 for oil which was the 1950 production-weighted value. Both curves utilize the same fuel production data (Keeling, 1973 (Keeling, for pre-1950 (Keeling, and U.N., 1993 (Keeling, for post-1949 . Cement manufacturing data (Solomon, 1993) 
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